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X-2 DAVIS ET AL.: DOWNSTREAM TEMPERATURE RESPONSE

Abstract. = We have applied a Newton’s Law of cooling model to exam-

ine the downstream water temperature response of small and medium-sized
streams to timber harvest activity in riparian environments throughout the
Oregon Coast Range. The model requires measured stream gradient, width,
depth and upstream control reach temperatures as inputs and contains two

free parameters which were determined by fitting the model to measured stream
temperature data. This method reproduces the measured downstream tem-
perature responses to within 0.4C° for 15 of the 16 streams studied and pro-
vides insight into the physical sources of site-to-site variation among those
responses. We also use the model to examine how the magnitude of down-
stream temperature changes depend on distance from the harvest reach. We
estimate that the temperature change 300m downstream of the harvest reach
can range from 83% to less than 1% of the temperature change which oc-
curred within the harvest reach, depending primarily on the downstream width,

depth, and gradient.
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DAVIS ET AL.: DOWNSTREAM TEMPERATURE RESPONSE X-3

1. Introduction

Stream temperature response to timber harvest has been widely studied for decades in
the Pacific Northwest (Brazier and Brown [1973]; Caldwell et al. [1991]; Zwieniecki and
Newton [1999]; Gomi et al. [2006]; Gravelle and Link [2007]; Groom et. al. [2011a]; Groom
et. al. [2011b]; Janisch et al. [2011]; Rex et al. [2012]; Cole and Newton [2013]; Kibler et.
al. [2013]). The majority of studies examined the local, short-term temperature response
to harvest while a few have examined changes in temperature downstream of a harvest
unit (e.g., Caldwell et al. [1991]; Zwieniecki and Newton [1999]). In their review of timber
harvest effects on stream temperature, Moore et. al. [2005] found that only three of the
numerous studies they reviewed attempted to quantify the processes governing changes
in stream temperature as a stream flows into a more densely shaded downstream reach
(Brown et. al. [1971]; Story et. al. [2003]; Johnson [2004]). They go on further to say
“Clearly, more research is required to clarify the mechanisms responsible for downstream
cooling and how they respond to local conditions.” The goal of this study is to advance
understanding of stream temperature dynamics below individual timber harvest units
within the Oregon Coast Range and quantitatively analyze and predict the downstream
response of the maximum stream temperature to harvest activity.

Models for predicting stream temperature response from reach to basin scales generally
fall into two basic categories: statistical or physical, each with advantages and disadvan-
tages, depending on objectives. The statistical models (e.g. stochastic and regression:
Donato [2002]; Neumann et. al. [2003]) can be very powerful in identifying the dominant

factors driving changes to stream temperature, and applied appropriately, may allow for
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X-4 DAVIS ET AL.: DOWNSTREAM TEMPERATURE RESPONSE

prediction of these changes. However, statistical models do not directly illuminate the
underlying physical mechanisms that give rise to the parameter relationships they iden-
tify. On the other hand physical models are used to study the specific mechanisms driving
stream temperature dynamics. The majority of physical models employ a heat budget
approach to identify the net rate of thermal energy transfer into the stream from which
the rate of temperature change can be calculated if the heat capacity of the stream is
known (Caissie [2006]; Brown [1969]; Edinger et al. [1968]; Bogan et al. [2003]). Such
heat budget models are useful tools for investigating which stream properties are most
important in determining stream temperature, and can provide insight into the physics
governing stream temperature dynamics. As with any model, the accuracy of heat budget
models depends on the accuracy of the input variables, which must be measured. The
number of input variables required to run these models can be quite large; they are often
difficult, expensive, and time consuming to accurately measure, and they can vary signif-
icantly on the reach scale (Sugimoto et al. [1997]; Sinkrot et al. [1993]; Dent et al. [2008];
Johnson [2003] and Caissie [2006]). Consequently, non-local values for variables such as
wind speed, cloud cover, etc. are often used and the uncertainties introduced by such
substitution can sometimes effectively negate the advantages provided by the models. In
order to address some of these difficulties we have employed a Newton’s Law of Cooling
model to analyze and predict downstream maximum temperature responses to timber
harvest observed as part of a larger study of forested streams in the Oregon Coast Range.

The before-after control-impact (BACI) study called Riparian Function and Stream
Temperature (referred to as RipStream) was initiated in 2002 to examine the effects of

forest harvest with buffers on stream temperature and riparian function in first through
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DAVIS ET AL.: DOWNSTREAM TEMPERATURE RESPONSE X-5

third order streams in the Oregon Coast Range. Several publications have resulted from
the study which have established background variability (Dent et al. [2008]), effects of
harvest in relation to state water quality standards for stream temperature (Groom et.
al. [2011b]), and change in treatment reach temperature due to harvest with explanatory
variables (Groom et. al. [2011a]). We have used a Newton’s Law of Cooling (NLC)
model to analyze the downstream response because NLC models require relatively few
measured stream variables as inputs and can thus be especially powerful when limited
stream data are available (Caissie et. al. [2005]). The specific NLC model we used
required only stream channel width (wetted), maximum channel depth, stream gradient,
and the change in upstream control reach maximum temperature in order to reproduce
observed downstream maximum temperature responses. We have successfully applied the
model to analyze and understand changes in maximum stream temperature occurring
within downstream reaches up to ~ 300m below individual harvest units. The model
together with the results of this new analysis provide managers, regulators, and landowners
with additional information regarding the processes and factors governing temperature
behavior downstream of harvest units. In the following sections we discuss the field study
used to test the NLC model, the details of the model itself, the conditions under which it
is valid, and the potential of the model for use in stream temperature data analysis and

prediction.

2. Field Methods
The pertinent study information is described here; however, for a full description of
data collection and field protocols see Groom et. al. [2011b]. Also see Dent et al. [2008]

for a map of the study area and full description of site selection criteria and Groom et.
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X-6 DAVIS ET AL.: DOWNSTREAM TEMPERATURE RESPONSE

al. [2011a] for a summary of site characteristics including channel and riparian vegetation
statistics pre-and-post-harvest.

Criteria for stream selection included no beaver influence (dams or disturbed vege-
tation), average annual flow rates of 283 L/s or less, and treatment reaches harvested
according to state and private forest prescriptions for fish-bearing streams. Forest land
owners volunteered 33 sites that met the selection criteria. For all 33 sites temperature
was monitored on at least two reaches: an upstream control reach and a treatment reach
(harvest with buffers). An additional downstream reach temperature was monitored at
a subset of sites. Study parameters required the downstream reach to be relatively ho-
mogeneous with intact riparian vegetation and no major tributaries in order to minimize
confounding variables. These criteria resulted in only 18 of the 33 study sites receiv-
ing a downstream temperature probe. The downstream probes were located 180m to
345m below the lower harvest unit boundary as seen in Figure 1. At each probe location
stream temperature was monitored for two years before timber harvest and five years
after harvest. Temperature probes were deployed at each site between June and Septem-
ber. Temperature probes recorded stream temperature on an hourly basis with a stated
accuracy of 0.2C° and a precision of 0.01C° (Optic Stowaway Temp and HOBO Water
Temp Pro data loggers, Onset Computer Corporation, Bourne, Massachusetts). Pre-and
post-deployment quality control checks determined thermistor accuracies. Temperature
was monitored at the upstream edge of the control reaches (probe 1W), at the upstream
and downstream boundaries of the treatment (harvested) reach (probes 2W and 3W),
and 180m to 345m downstream of treatment reaches (probe 4W), as depicted in Figure

1. Data from the summer immediately before and immediately after harvest were used.
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DAVIS ET AL.: DOWNSTREAM TEMPERATURE RESPONSE X-7

If data from one of the immediate pre or post-harvest years was not available then data
from the next adjacent year were used for this analysis (e.g., 2 years pre-harvest or 2-years
post-harvest). Sites with two consecutive years of unavailable data were not used. As a
result of these temporal data constraints, 16 of the 18 downstream sites were used in this
analysis. Other data collected for the study include: maximum stream depth, bank full,
and wetted width, shade and stream gradient. These parameters were measured within
each reach at 60 m intervals. Channel metrics were collected according to Kaufman and
Robison [1998]. Shade was measured using hemispherical photographs taken with a self-
leveling fish-eye camera 1m above the stream surface according to Valverde and Silvertown
[1997]. The processing of these data is described in detail in Groom et. al. [2011a]. The
upstream control reaches were established to provide a measure of year-to-year and spa-
tial variability in temperature that occur independent of harvest. The treatment reaches
were established to quantify stream temperature changes due to harvest. The downstream
reaches were established to examine potential downstream temperature responses to any
temperature changes occurring within the harvest unit. This paper focuses on modeling
the dependence of change in maximum downstream temperature on change in maximum

harvest reach temperature.

3. Analysis Methods

3.1. Linear Regression

In order to maintain continuity with previous previous RipStream studies we used the
maximum daily temperature averaged over a 40-day mid-summer period from July 15
to August 23 as our temperature metric. We calculated this metric for the temperature

probe locations 1W, 2W, 3W, 4W, denoted Ty, Tow, Taw, Tyw, respectively. A temporal
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X-8 DAVIS ET AL.: DOWNSTREAM TEMPERATURE RESPONSE

change in temperature across harvest, calculated as pre-harvest temperature subtracted
from post-harvest temperature a each probe location ¢, is denoted by AT;.

Figure 2 shows the experimental values of AT,y for all sites in the study and we
see a wide range of downstream responses. We hypothesized that the primary driver
of AT,y is the temperature change in the harvest reach, ATjsy,, but that differences
in downstream reach properties significantly contribute to the variation in downstream
temperature response. In order to provide contrast to the NLC model and motivate its
use, we examine the performance of a simple linear regression in describing the correlation
between ATy and ATszy,. Figure 3 shows AT,y plotted against ATsy, along with the
linear regression. While the linear regression does describe the general trend in the data, it
does not capture the variability in the data or provide insight into the underlying sources
of this variation. The linear regression produced an R?-value of 0.61 and is described by

the function:

ATy (C°) = (0.5) ATy — 0.041(C°) (1)

Note that site 7353, indicated in Figure 3, was not used in determining the best fit because
its behavior was severely atypical as discussed in detail in section 4. The slope of the best
fit line indicates that for forested streams of the type selected for this this study, the
pre to post-harvest change in maximum temperature at a location approximately 300m
downstream of harvest will be on average, 50% of that change at the harvest location.
This result does not imply that the absolute water temperature must either decrease (cool)
or increase (heat) as it moves downstream. The implications of this result and the NLC

analysis are detailed in sections 5 and 6.
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DAVIS ET AL.: DOWNSTREAM TEMPERATURE RESPONSE X-9

We see in Figure Figure 3 that the data deviate from the simple linear model, suggesting
that ATz may not be the only source of the measured variation in ATy, and that the
behavior of any particular site can be quite different from the average behavior. The
NLC model we have applied predicts this site-specific variation, indicating a significant
deterministic contribution to the variation, as was hypothesized. The model also provides
valuable information about the relative importance of measurable site-specific stream
properties in determining the downstream response to temperature changes in the harvest

reach.

3.2. Newton’s Law of Cooling Model
Newton’s Law of Cooling is an empirical relation which states that the rate of tempera-
ture change of an object is proportional to the difference between the object temperature

and the equilibrium temperature, T¢, as described by equation 2.

ar _
dt

a(Teg = T) (2)

Here a = Acrrhers/C, where C is the of heat capacity of the object, h.sy is the effective
heat transfer coefficient describing the ease with which the object exchanges heat with the
environment, and A.ss is the effective area across which heat exchange may occur. We
begin by assuming that a parcel of stream water moving downstream will follow NLC and
thus the rate of temperature change for the parcel is proportional to the difference between
the parcel temperature and its environmentally determined equilibrium temperature. The

equilibrium temperature of the parcel is defined as the temperature at which the net

thermal energy flux into the parcel by all heat transfer mechanisms is zero. Consequently,
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X-10 DAVIS ET AL.: DOWNSTREAM TEMPERATURE RESPONSE

the equilibrium temperature may be correlated with, but is not entirely represented by, the
temperature of any particular environmental entity. Rather, the equilibrium temperature
is a weighted average of the temperatures of all environmental entities with which the
parcel exchanges energy, including, but not limited to, groundwater, the channel bed, the
upper atmosphere, space, and the sun itself. Therefore, the equilibrium temperature is
constantly changing on the diurnal as well as seasonal time scales.

For the specific case of a constant equilibrium temperature, the solution to equation 2

T(t) = Teq + [Ty — Teq]e_at (3)

The integrated form of Newton’s Law of Cooling described by equation 3 is also often
referred to as simply Newton’s Law of Cooling, however we see that it also accounts for
warming if Ty < T,. Here Tj is the object temperature at time ¢ = 0 and T¢, is the
constant equilibrium temperature.

The 40-day mid-summer average daily maximum temperature metric does not probe
the diurnal cycle in stream temperature or 7., and thus we approximate 7T, in the model
as the yet-unknown 40-day average of T¢, at the time of day when stream temperature is
a maximum at the probe location. Note that 7., is not equal to the measured maximum
stream temperature because the occurrence of maximum daily temperature measured at a
specific stream location (our data) requires a rate of temperature change equal to zero in
the Eulerian frame (at the probe location). This occurs when successive parcels arriving
at the probe location each have the same temperature upon arrival. Conversely, the rate
of temperature change in the Lagrangian frame is zero when the individual parcel to which

the Lagrangian frame is attached reaches T,,. We model the temperature of a parcel of
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water between temperature probes 3W and 4W in the Lagrangian frame using equation
3 with T, as an unknown. The heat capacity of the thermistor is negligible compared to
that of the water parcel so the temperature measured at a specific probe location in the
Eulerian frame is equal to the temperature of the water parcel passing over the probe at
that time. Setting ¢ = 0 when the parcel passes probe 3W at the end of the harvest reach
and 7 equal to the transit time between probes 3W and 4W allows conversion from the
Lagrangian frame model temperature to the Eulerian frame measured temperature and
we see that Ty = T(t = 0), Tyw = T(t = 1), and T, now represents the equilibrium
temperature in the downstream reach, Ty, Making these substitutions in equation 3

we arrive at:

Taw = Taweq + [Tsw — Taweqle " (4)

This model assumes T, to be constant in space across the downstream reach and constant
over the transit time, 7. This assumption requires that 7 is small compared to the time
over which Ty, and o change appreciably and that the length of the downstream reach
is small compared to the distance over which Ty, and « change appreciably. Test-case
velocity measurements suggest that 7 for streams in this study are on the order of one
hour, which may be pushing the boundaries of the previous assumptions. Consequently,
this model and our subsequent analysis and conclusions are limited to the scale of a 300m
reach. Applying equation 4 to the summers before and after harvest, subtracting the
equation before from the equation after, and assuming that harvest does not affect Ty,
or o or 7 in the unharvested downstream reach, we modeled the change in downstream

temperature, ATy as:

AT4W = ATgWe_M + AT4Weq[]— — 6_0”—] (5)
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X-12 DAVIS ET AL.: DOWNSTREAM TEMPERATURE RESPONSE

Here AT3y and ATy, are the changes in temperature of the 3W probe and the down-
stream reach equilibrium temperature, respectively. The data in Figure 3 support the
linear dependence of ATy on ATy that is predicted by equation 5; however the data
exhibit significant variation and deviation from the general linear fit applied to the 15
sites because the values of ATy, and a and 7 are site specific. We used measured val-
ues of gradient, wetted width, max depth, downstream reach length values, and changes
in upstream control reach temperatures to approximate the site-specific values of these

model variables.

3.3. Downstream Transit Time

The transit time of the downstream reach is modeled as 7 = L/v, where L is the down-
stream reach length and v is the flow speed in the downstream reach. In order to model
the flow speed using gradient measurements we apply Manning’s formula (Subramanya

2009]) which states that v oc G/2, and we have:
[2009])

L
T X &g (6)

Here G is the average gradient of the stream within the downstream reach, typically
defined as length along the stream divided by change in elevation. The gradient of the
streams in our study was measured at 60m intervals along the downstream reach. The GG

values we used in the model are an average of these gradient measurements for each site.

3.4. Heat Capacity of the Stream
The heat capacity of the modeled parcel of water is proportional to the volume of the

parcel and consequently the cross sectional area of the stream, which is approximated by
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the wetted width, W of the stream multiplied by the maximum depth, D. The wetted
width and maximum depth are measured at 60m intervals along the downstream reach

and we use the average of these measurements W and D for each site.

CxWD (7)

3.5. Downstream Shade Factor

Shade and shelter provided by stream side vegetation and local topography reduce solar
heating during the day and radiative cooling at night and also reduce wind speed, and
consequently convection and evaporation. We hypothesize that through these processes
the level of downstream shade does influence the downstream response to temperature
harvest and that models for h.;s and A.;; would incorporate the shade level. The down-
stream shade factor (fractional sky view), S of the study streams was determined from
digital image analysis of hemispherical photographs taken 1m above the stream surface.
However, the narrow range spanned by these measured downstream shade values does not
provide enough information content for us to evaluate and validate a downstream shade

component in the model, as discussed further in section 5.

3.6. Site-Specific Newton’s Law of Cooling Model

Combining equations 6 and 7 we arrive at:

L
DG (8)

aT = ¢

Here ¢ is a model parameter incorporating the proportionality constants associated with
equations 6 and 7. Given limited environmental and stream data, we are forced to assume

that ¢ is approximately non-site specific for the streams in this study. This assumption
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X-14 DAVIS ET AL.: DOWNSTREAM TEMPERATURE RESPONSE

is supported by the success of the model in predicting the downstream responses of the

study streams and this generality is considered a positive feature of the model.

3.7. Downstream Equilibrium Temperature

Finally, we account for non-harvest related (e.g. climatic) fluctuations in stream temper-
ature. We use stream temperature data taken at probes 11 and 2W, which lie upstream
from harvest to model these fluctuations. In the context of our NLC model, year-to-year
changes in the local climate will influence actual stream temperature by changing T¢,.
From equation 3 we see that dT'/dT,, = 1 — e~*", which is constant for a given a and
t = 7 corresponding to a specific site. This result suggests that changes to T, cause
proportional changes to stream temperature, so we approximate ATjye, and Aoy, as
proportional to the change in control reach equilibrium temperature. Assuming that lo-
cal changes in climate will affect the control reach and downstream reach equilibrium

temperatures differently, but proportionally, ATy, is modeled as:

ATyweq = BAT 1w ow (9)

Here ATiwow is the average of ATy and ATy .
Inserting equations 8 and 9 into equation 5 we model the expected ATy using the
measured upstream temperature changes, downstream reach length, and average values

for gradient, wetted width and max depth using the equation:

AT4W = ATgWeiquDLGUQ + BATIVV,QW(l — 67¢WDLGU2) (10)
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In the following section we apply the model described by equation 10 to data from the
study sites in order to understand the underlying causes of the downstream temperature

responses exhibited by individual streams as well as the variability among those responses.

4. Modeling Results

We determined the model parameter values ¢ = 2 x 107%(m) and 8 = 1 by a two
parameter R? fit of the model to measured ATy data. The resulting R? value was 0.95.
Figure 3 shows the measured and predicted values of ATy plotted against ATsy,. We
see that the two-parameter NLC model does significantly better than the linear regression
(R? = 0.61) at predicting the measured ATy values, despite having the same number of
free parameters (two). We see in Panel A of Figure 4 that the difference between modeled
and measured ATy, values are all less than 0.4C* in magnitude, with the exception of site
7353. At this site ATy, ATsy, and ATz, were all negative and yet ATy, was positive.
We therefore conclude that the increase in downstream temperature was not caused by
harvest, but rather by some as yet-unknown local effect occurring in the downstream
reach. The model uses temperature data taken upstream of the harvest reach to account
for the effects of non-harvest related temperature fluctuations and thus can not account
for the behavior of this site due to the localized nature of the downstream disturbance.
Considering this result, site 7353 was not used in the fit to determine ¢ and 3, a model
predicted value of ATy for this site is not shown in Figure 3, and model data for this
site are not shown in subsequent figures.

With the values of ¢ and 8 determined, we examine the relative contribution of each
term in equation 10, where the first term approximates the contribution to downstream

temperature change caused by the harvest reach temperature change, AT3y,, and the
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X-16 DAVIS ET AL.: DOWNSTREAM TEMPERATURE RESPONSE

second term approximates the contribution by climatic changes to the downstream equi-
librium temperature, ATy .,. Note that the measured ATsy is caused by a combination
of harvest and climate driven fluctuations in A3y, so that the contributions of each term
in equation 10 are not treated separately as purely harvest-induced and purely climate-
induced contributions. Panel B of Figure 4 shows the value of ATy, extracted from the
model and panel C shows the relative contribution of the two terms in the model.

We also remove the effect of the site specific probe locations from the exponent in the
NLC model and calculate (a71)/L = ¢/[W DG/?], which characterizes the site specific rate
at which a water parcel will change temperature with distance traveled in the downstream
reach. Relatively large values of (ar)/L indicate that the magnitude of the temperature
change measured at a specific downstream location will decrease in a relatively short
distance downstream while small values of (a7)/L indicate a relatively long distance
required for substantial decrease in measured temperature change. Panel D of Figure
4 shows the site specific values of (ar)/L. The range of behaviors produced by the
variation in (a7)/L are illustrated in Figure 5, which shows the calculated profiles of the
downstream temperature change ATy (z), that produced the measured ATy (x = L)
data in response to ATzy, for a sample of the study streams. Note that these profiles do
not represent the behavior of the absolute stream temperature, but rather behavior of the

change in stream temperature across the harvest year.

5. Modeling Discussion
The NLC model allows for intuitive analysis of stream sites which might appear to
have outlying behavior. For example, site 7854 (indicated in Figure 3) experienced a

—0.2C* change in downstream temperature even though the harvest reach temperature
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experienced a relatively large measured temperature increase of 2.6C°. The model was
able to predict that this site would behave well outside of the general trend defined by other
sites. Examination of the stream variables in the context of the NLC model reveals that
site 7854 experienced an overall decrease in the local equilibrium temperature, as seen in
Panel B of Figure 4 and indicated by negative upstream control reach temperature changes
across harvest (ATjwaow = —0.2C°). Site 7854 also possessed the second smallest WD
value among all sites. This combination resulted in a relatively high rate of reduction in
the temperature change, as seen in Figure 5. The NLC model shows us that the outlying
behavior of this site was caused by this high rate of change coupled with a relatively long
transit time for this site, due to a long downstream reach length of L = 305m and third
smallest gradient of G = .023. Note that removing site 7854 from the dataset does not
change the values of ¢ and g produced by fitting the model to the data and only changes
the R?-value from 0.95 to 0.96. This result indicates that the NLC model would have
predicted the unique behavior of this site even if it were not a part of the initial data set
used to calibrate the model which highlights the predictive power of the model.

The ability of the model to reproduce the measured downstream responses using non-
site-specific values for model parameters ¢ and 3 indicates that these values are relatively
constant across the streams selected for this study. This result further suggests that once
these parameters values are determined by comparison of model to data for a given type
of stream in a given geographic region, the model might be used to predict the future
downstream response to harvest of similar streams in that region. The value of § =1
suggests that the downstream and control reach equilibrium temperatures respond to

changes in climatic conditions by equal amounts, within the resolution of this model.
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In order to leverage the predictive power of the NLC model, the site-specific L in
equation 10 is replaced with a general distance variable, z. We set ATy, = 0 because
we cannot know a priori the naturally occurring fluctuations to Ty .q, thus we want an
expression for the distance dependence of a change in downstream temperature caused

purely by a harvest reach temperature change:
ATy (z) = AT3W67¢W (11)

We use equation 11 to calculate the ratio, R(z), of ATy to ATsy as function of distance

downstream:
R(‘r) = AT4w([E)/AT3W = e_d)m (12)

Using average values for G and WD will allow us to estimate a characteristic behavior
of the sites in our study. The solid line in Figure 6 shows R(z) for the average values
of G = 0.047 and WD = 0.53m? We see that for these average values the across-
harvest-year change in downstream temperature drops to 60% of that change occuring in
the harvest reach after 300m. These calculations are qualitatively supported by the site
averaged, but less accurate, behavior predicted by the linear fit, which suggests a 50%
reduction in temperature change after ~ 300m. However, R(z) is exponentially sensitive
to G and W D and consequently these average behaviors cannot be assumed to describe
any specifc site.

In order to produce bounding behaviors for the sites in the study we combined the
extreme values of G and WD measured from all sites and used these in the model. The
maximum measured values are G = 0.10 and WD = 1.0m? and the minimal values

are G = 0.02, and WD = 0.12m? The bounding behaviors calculated from these two
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value sets are shown in Figure 6. We see that for the long-distance bounding case the
downstream temperature change measured 300m from the end of the harvest reach would
be 84% of the temperature change that occured at the end of the harvest reach (R(z) =
0.84). For the short-distance bounding case R(z) is less than 1% after 300m. Values of
Rz = L) = e_d)m calculated using the specific stream property values and reach
lengths at each study site are also shown for comparison to the bounding behavior curves.

In order to examine the specific effects of ATy, on downstream response we calculate

R(x) for theoretical example cases when ATy, # 0. In this case the form for R(z) is

more complex:

o e ATy,
R(x) = ATyy (2) ATy = ¢ “WosaT7?  [1 — e “whsat?| et (13)
3w

We see that calculating R(x) for ATyye, # 0 requires values for ATsy and ATyye,. As
seen in panel B of Figure 4, the range of values for ATy, extracted from the model was
approximately —0.4C° to 0.4C°. Figure 7 shows AT,y calculated for ATy, values of
—0.4C° and 0.4C" for the cases of the harvest reach temperature change being 1C° and
3C°. We see that changes to ATy, within this range do not significantly affect the rate
at which ATy increases or decreases. However, integrated over distances of 300m this
change in rate might affect the value of AT,y by detectable levels (= 0.3C°).

The wide range of behaviors spanned by the bounding behaviors exemplifies the expo-
nential sensitivity of R(z) to G and WD. These sensitivities are illustrated in Figures
8 and 9 which show R(x = 150m) and R(z = 300m) as a function of G and W D. The
average of measured values of the variables not serving as the independent variable in the
plots were used. We see that the slopes of these curves are significant within the range

of values measured for these stream properties and thus the measured behavior is highly
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sensitive these properties. This analysis indicates that blanket statements about distance
required for return to pre-harvest temperature and use of regional average or non-local
variable values to model site-specific behavior may lead to miscalculations.

We find that within the range of downstream shade factor values measured in the study
streams, S has no significant effect on the behavior of the model. Due to all measured
values of S being near one, modeling the rate of temperature change «, as either propor-
tional to, or inversely proportional to S does not significantly affect the fitted parameter
values or the downstream behavior, whether the site-specific or average values were used.
Figure 10 shows R(x = 150m) and R(z = 300m) for both model types, a o« 1/S and
a o« S. We see that within the range of S values measured, the slope of these curves is
small relative to that in figures 8 and 9, which demonstrates relative insensitivity of the
model to this variable within that range. The success of the model at describing the data
despite the model insensitivity to S indicates that for streams with relatively uniform
and undisturbed riparian conditions downstream of harvest, the values of G and WD will

drive the variations in downstream temperature response.

6. Conclusions

We have developed a Newtons Law of Cooling model for prediction and analysis of
stream temperature response to harvest activity. We used the NLC model to analyze
the specific downstream responses to harvest study streams throughout the Oregon Coast
Range by relating variables in the model to measured stream data. The necessary mea-
sured data were stream temperature change upstream from harvest, distance from harvest
reach, gradient, wetted width, and max depth. We determined the two free model pa-

rameters, which were held constant across sites in the study, by comparing the output of
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the model to the experimental data. We found that the model allowed us to determine
the sources of the significant variation in measured downstream temperature response
to harvest and that the model provides an insightful tool for determining the dominant
factors influencing downstream temperature response to harvest.

For the forested streams in our study the model suggests that on average harvest reach
stream temperature changes exist at fractions near 50% 300m downstream, but that they
do not persist indefinitely. The model also indicates that variation in stream morphology
can lead to significant variability in downstream temperature response to harvest, and it
allowed us to estimate limiting-case behaviors. We estimated that for streams similar to
those in this study, the across-harvest-year temperature change 300m downstream of the
harvest reach can range from 84% to less than 1% of the change in the harvest reach, in
the absence of major naturally occuring stream temperature fluctuations.

This NLC model does not explicitly treat hyporheic flow or groundwater exchange; how-
ever, the effects of these processes on the rate of stream temperature change are included
in the fitted model parameter ¢. The fact that ¢ was held constant in this study suggests
that these effects are roughly equally prevalent across the streams in the study. This study
specifically selected streams without significant tributaries in the downstream reach and
it is likely that the rate of reduction in downstream temperature change estimated here
will be greater for streams with significant undisturbed tributaries.

Additional application of NLC modeling methods to stream temperature data should
help to improve the NLC model accuracy and determine the range of stream, environ-
mental, and treatment conditions under which the NLC model is valid and accurate. For

example, data from a set of many temperature probes within downstream reaches would

DRAFT June 18, 2014, 12:41pm DRAFT





364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

X -22 DAVIS ET AL.: DOWNSTREAM TEMPERATURE RESPONSE

allow us to fit the NLC model to the spatial temperature data at each site and determine
site-specific values for the model free parameters ¢ and . Comparison of these site-
specific parameter values to measured stream properties may allow us to indetify those
properties with greatest influence on ¢ and /3 so that we might model these values directly
and reduce the number of free parameters in the NLC model. Analysis of data from a set
of streams with a wider range of downstream shade values might allow for the addition
and validation of a downstream shade component in the model. Analysis of data from
streams with a wider range of morphologies and environments would test the generality
of the NLC model and provide a greater range of input variables against which to test,

refine, and improve the NLC model.
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[width=20pc|study
Figure 1. Diagram of field study design showing relative locations of control, harvest, and
downstream reaches and control (1W, 2W), harvest (3W), and downstream (4W) water temper-

ature probes.

[width=20pc|deltad W

Figure 2. Experimental AT}y values for each site, calculated as the difference between Ty,

measured before and after harvest.

[width=20pc|results2
Figure 3. Measured (blue dots) and NLC modeled (red circles) ATy plotted against ATsyy .

The black line is a linear regression to the measured data. Parameter values used in the model
were ¢ = 2 x 1074(m) and 3 = 1. The goodness of fit between model and data is R? = 0.95. As
discussed in Section 3.1 site 7353 was not used in determining the model parameter values and

R? value.

[width=20pc|panel

Figure 4. Panel A: Error in predicting the measured ATy, calculated as measured value sub-
tracted from NLC model values. Panel B: Site specific values of AT}y, calculated using the NLC
model determined parameter value 5 = 1. Panel C: Site specific values of at/L calculated using
the NLC model determined parameter value ¢ = 2 x 107%(m). Panel D: Relative contributions
to the overall ATy by the change in harvest reach temperature (solid) and naturally occurring
fluctuations to ATy, (open) calculated using the NLC model and determined parameter values

¢ =2x10"4(m), B =1.
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[width=20pc|distancemodel

Figure 5. Change in temperature doenstream of harvest reach, ATy (), calculated as a

function of distance from harvest reach for several example study sites using the NLC model

(lines). Orange dots are measured change at zero distance downstream, ATy (x = 0) = ATgy,

and colored dots are measured values of ATy (z = L) for each site. In all cases model parameter

values were ¢ = 2 x 107*(m) and 8 = 1 and site-specific values of WD, G, and AT 5 were used.

[width=20pc|extreme

Figure 6. Calculated ratio of harvest reach and downstream temperature changes in the ab-
sence of natural stream fluctuations as a function of distance from harvest reach using maximum
(red) minimum (blue) and average (green) measured values of G, and W D. Dots show this value
calculated using values of G, and WD, and L for each site. In all cases ATy, = 0C° and model

parameter values were ¢ = 2 x 1074(m), 8 = 1.

[width=20pc|with4Weq
Figure 7. Distance dependence of AT}y calculated for ATy, values of 0C° —0.4C° and

0.4C*° for the example cases of ATy = 1C° and ATy = 3C°. The legend designates these
values used to produce each curve as (AT, ATyye,). Average measured values of G and WD

were used and model parameter values were ¢ = 2 x 107%(m), 8 = 1.

[width=20pc|gradient

Figure 8. Calculated ratio of downstream to harvest reach temperature changes at distances
of 150m and 300m downstream from harvest reach as a function of downstream gradient in the
absence of natural stream fluctuations. In all cases the average measured values for W D were

used, ATyye, = 0C°, and model parameter values were ¢ = 2 x 107%(m), 8 = 1.
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[width=20pc|area

Figure 9. Calculated ratio of downstream to harvest reach temperature changes at distances
of 150m and 300m downstream from harvest reach as a function of downstream cross sectional
area in the absence of natural stream fluctuations. In all cases the average measured value for G

was used, AT e, = 0C°, and model parameter values were ¢ = 2 x 107*(m), 8 = 1.

[width=20pc|shade

Figure 10. Calculated ratio of downstream to harvest reach temperature changes at distances
of 150m and 300m downstream from harvest reach as a function of downstream shade in the
absence of natural stream fluctuations. Average measured values of G and WD were used. In

all cases ATy, = 0C° and model parameter values were ¢ = 2 x 1074(m), 8 = 1.
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Abstract.  We have applied a Newton’s Law of cooling model to exam-

ine the downstream water temperature response of small and medium-sized
streams to timber harvest activity in riparian environments throughout the
Oregon Coast Range. The model requires measured stream gradient, width,
depth and upstream control reach temperatures as inputs and contains two

free parameters which were determined by fitting the model to measured stream
temperature data. This method reproduces the measured downstream tem-
perature responses to within 0.4C° for 15 of the 16 streams studied and pro-
vides insight into the physical sources of site-to-site variation among those
responses. We also use the model to examine how the magnitude of down-
stream temperature changes depend on distance from the harvest reach. We
estimate that the temperature change 300m downstream of the harvest reach
can range from 83% to less than 1% of the temperature change which oc-
curred within the harvest reach, depending primarily on the downstream width,

depth, and gradient.
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1. Introduction

Stream temperature response to timber harvest has been widely studied for decades in
the Pacific Northwest (Brazier and Brown [1973]; Caldwell et al. [1991]; Zwieniecki and
Newton [1999]; Gomi et al. [2006]; Gravelle and Link [2007]; Groom et. al. [2011a]; Groom
et. al. [2011b]; Janisch et al. [2011]; Rex et al. [2012]; Cole and Newton [2013]; Kibler et.
al. [2013]). The majority of studies examined the local, short-term temperature response
to harvest while a few have examined changes in temperature downstream of a harvest
unit (e.g., Caldwell et al. [1991]; Zwieniecki and Newton [1999]). In their review of timber
harvest effects on stream temperature, Moore et. al. [2005] found that only three of the
numerous studies they reviewed attempted to quantify the processes governing changes
in stream temperature as a stream flows into a more densely shaded downstream reach
(Brown et. al. [1971]; Story et. al. [2003]; Johnson [2004]). They go on further to say
“Clearly, more research is required to clarify the mechanisms responsible for downstream
cooling and how they respond to local conditions.” The goal of this study is to advance
understanding of stream temperature dynamics below individual timber harvest units
within the Oregon Coast Range and quantitatively analyze and predict the downstream
response of the maximum stream temperature to harvest activity.

Models for predicting stream temperature response from reach to basin scales generally
fall into two basic categories: statistical or physical, each with advantages and disadvan-
tages, depending on objectives. The statistical models (e.g. stochastic and regression:
Donato [2002]; Neumann et. al. [2003]) can be very powerful in identifying the dominant

factors driving changes to stream temperature, and applied appropriately, may allow for
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prediction of these changes. However, statistical models do not directly illuminate the
underlying physical mechanisms that give rise to the parameter relationships they iden-
tify. On the other hand physical models are used to study the specific mechanisms driving
stream temperature dynamics. The majority of physical models employ a heat budget
approach to identify the net rate of thermal energy transfer into the stream from which
the rate of temperature change can be calculated if the heat capacity of the stream is
known (Caissie [2006]; Brown [1969]; Edinger et al. [1968]; Bogan et al. [2003]). Such
heat budget models are useful tools for investigating which stream properties are most
important in determining stream temperature, and can provide insight into the physics
governing stream temperature dynamics. As with any model, the accuracy of heat budget
models depends on the accuracy of the input variables, which must be measured. The
number of input variables required to run these models can be quite large; they are often
difficult, expensive, and time consuming to accurately measure, and they can vary signif-
icantly on the reach scale (Sugimoto et al. [1997]; Sinkrot et al. [1993]; Dent et al. [2008];
Johnson [2003] and Caissie [2006]). Consequently, non-local values for variables such as
wind speed, cloud cover, etc. are often used and the uncertainties introduced by such
substitution can sometimes effectively negate the advantages provided by the models. In
order to address some of these difficulties we have employed a Newton’s Law of Cooling
model to analyze and predict downstream maximum temperature responses to timber
harvest observed as part of a larger study of forested streams in the Oregon Coast Range.

The before-after control-impact (BACI) study called Riparian Function and Stream
Temperature (referred to as RipStream) was initiated in 2002 to examine the effects of

forest harvest with buffers on stream temperature and riparian function in first through
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third order streams in the Oregon Coast Range. Several publications have resulted from
the study which have established background variability (Dent et al. [2008]), effects of
harvest in relation to state water quality standards for stream temperature (Groom et.
al. [2011b]), and change in treatment reach temperature due to harvest with explanatory
variables (Groom et. al. [2011a]). We have used a Newton’s Law of Cooling (NLC)
model to analyze the downstream response because NLC models require relatively few
measured stream variables as inputs and can thus be especially powerful when limited
stream data are available (Cuaissie et. al. [2005]). The specific NLC model we used
required only stream channel width (wetted), maximum channel depth, stream gradient,
and the change in upstream control reach maximum temperature in order to reproduce
observed downstream maximum temperature responses. We have successfully applied the
model to analyze and understand changes in maximum stream temperature occurring
within downstream reaches up to ~ 300m below individual harvest units. The model
together with the results of this new analysis provide managers, regulators, and landowners
with additional information regarding the processes and factors governing temperature
behavior downstream of harvest units. In the following sections we discuss the field study
used to test the NLC model, the details of the model itself, the conditions under which it
is valid, and the potential of the model for use in stream temperature data analysis and

prediction.

2. Field Methods
The pertinent study information is described here; however, for a full description of
data collection and field protocols see Groom et. al. [2011b]. Also see Dent et al. [2008]

for a map of the study area and full description of site selection criteria and Groom et.
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al. [2011a] for a summary of site characteristics including channel and riparian vegetation
statistics pre-and-post-harvest.

Criteria for stream selection included no beaver influence (dams or disturbed vege-
tation), average annual flow rates of 283 L/s or less, and treatment reaches harvested
according to state and private forest prescriptions for fish-bearing streams. Forest land
owners volunteered 33 sites that met the selection criteria. For all 33 sites temperature
was monitored on at least two reaches: an upstream control reach and a treatment reach
(harvest with buffers). An additional downstream reach temperature was monitored at
a subset of sites. Study parameters required the downstream reach to be relatively ho-
mogeneous with intact riparian vegetation and no major tributaries in order to minimize
confounding variables. These criteria resulted in only 18 of the 33 study sites receiv-
ing a downstream temperature probe. The downstream probes were located 180m to
345m below the lower harvest unit boundary as seen in Figure 1. At each probe location
stream temperature was monitored for two years before timber harvest and five years
after harvest. Temperature probes were deployed at each site between June and Septem-
ber. Temperature probes recorded stream temperature on an hourly basis with a stated
accuracy of 0.2C° and a precision of 0.01C° (Optic Stowaway Temp and HOBO Water
Temp Pro data loggers, Onset Computer Corporation, Bourne, Massachusetts). Pre-and
post-deployment quality control checks determined thermistor accuracies. Temperature
was monitored at the upstream edge of the control reaches (probe 1W), at the upstream
and downstream boundaries of the treatment (harvested) reach (probes 2W and 3W),
and 180m to 345m downstream of treatment reaches (probe 4W), as depicted in Figure

1. Data from the summer immediately before and immediately after harvest were used.
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If data from one of the immediate pre or post-harvest years was not available then data
from the next adjacent year were used for this analysis (e.g., 2 years pre-harvest or 2-years
post-harvest). Sites with two consecutive years of unavailable data were not used. As a
result of these temporal data constraints, 16 of the 18 downstream sites were used in this
analysis. Other data collected for the study include: maximum stream depth, bank full,
and wetted width, shade and stream gradient. These parameters were measured within
each reach at 60 m intervals. Channel metrics were collected according to Kaufman and
Robison [1998]. Shade was measured using hemispherical photographs taken with a self-
leveling fish-eye camera 1m above the stream surface according to Valverde and Silvertown
[1997]. The processing of these data is described in detail in Groom et. al. [2011a]. The
upstream control reaches were established to provide a measure of year-to-year and spa-
tial variability in temperature that occur independent of harvest. The treatment reaches
were established to quantify stream temperature changes due to harvest. The downstream
reaches were established to examine potential downstream temperature responses to any
temperature changes occurring within the harvest unit. This paper focuses on modeling
the dependence of change in maximum downstream temperature on change in maximum

harvest reach temperature.

3. Analysis Methods

3.1. Linear Regression

In order to maintain continuity with previous previous RipStream studies we used the
maximum daily temperature averaged over a 40-day mid-summer period from July 15
to August 23 as our temperature metric. We calculated this metric for the temperature

probe locations 1W, 2W, 3W, 4W, denoted Ty, Tow, Taw, Taw, respectively. A temporal
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change in temperature across harvest, calculated as pre-harvest temperature subtracted
from post-harvest temperature a each probe location 7, is denoted by AT;.

Figure 2 shows the experimental values of AT,y for all sites in the study and we
see a wide range of downstream responses. We hypothesized that the primary driver
of AT,y is the temperature change in the harvest reach, AT3y,, but that differences
in downstream reach properties significantly contribute to the variation in downstream
temperature response. In order to provide contrast to the NLC model and motivate its
use, we examine the performance of a simple linear regression in describing the correlation
between ATy and ATzy . Figure 3 shows ATy plotted against ATzy along with the
linear regression. While the linear regression does describe the general trend in the data, it
does not capture the variability in the data or provide insight into the underlying sources
of this variation. The linear regression produced an R?-value of 0.61 and is described by

the function:

ATy (C°) = (0.5) ATy — 0.041(C°) (1)

Note that site 7353, indicated in Figure 3, was not used in determining the best fit because
its behavior was severely atypical as discussed in detail in section 4. The slope of the best
fit line indicates that for forested streams of the type selected for this this study, the
pre to post-harvest change in maximum temperature at a location approximately 300m
downstream of harvest will be on average, 50% of that change at the harvest location.
This result does not imply that the absolute water temperature must either decrease (cool)
or increase (heat) as it moves downstream. The implications of this result and the NLC

analysis are detailed in sections 5 and 6.
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uw  We see in Figure Figure 3 that the data deviate from the simple linear model, suggesting
o that AT3y may not be the only source of the measured variation in ATy and that the
s behavior of any particular site can be quite different from the average behavior. The
2 NLC model we have applied predicts this site-specific variation, indicating a significant
155 deterministic contribution to the variation, as was hypothesized. The model also provides
s« valuable information about the relative importance of measurable site-specific stream
155 properties in determining the downstream response to temperature changes in the harvest

s reach.

3.2. Newton’s Law of Cooling Model
v Newton’s Law of Cooling is an empirical relation which states that the rate of tempera-
s ture change of an object is proportional to the difference between the object temperature

1 and the equilibrium temperature, 7;, as described by equation 2.

ar _
dt

a(Teg —T) (2)
w  Here o= A.frhesr/C, where C is the of heat capacity of the object, h.yy is the effective
e heat transfer coefficient describing the ease with which the object exchanges heat with the
e environment, and Aggy is the effective area across which heat exchange may occur. We
s begin by assuming that a parcel of stream water moving downstream will follow NLC and
s thus the rate of temperature change for the parcel is proportional to the difference between
s the parcel temperature and its environmentally determined equilibrium temperature. The

e equilibrium temperature of the parcel is defined as the temperature at which the net

v thermal energy flux into the parcel by all heat transfer mechanisms is zero. Consequently,
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the equilibrium temperature may be correlated with, but is not entirely represented by, the
temperature of any particular environmental entity. Rather, the equilibrium temperature
is a weighted average of the temperatures of all environmental entities with which the
parcel exchanges energy, including, but not limited to, groundwater, the channel bed, the
upper atmosphere, space, and the sun itself. Therefore, the equilibrium temperature is
constantly changing on the diurnal as well as seasonal time scales.

For the specific case of a constant equilibrium temperature, the solution to equation 2

T(t) = Teq + [Ty — Teq]e_at (3)

The integrated form of Newton’s Law of Cooling described by equation 3 is also often
referred to as simply Newton’s Law of Cooling, however we see that it also accounts for
warming if Ty < T,,. Here Tj is the object temperature at time ¢ = 0 and T, is the
constant equilibrium temperature.

The 40-day mid-summer average daily maximum temperature metric does not probe
the diurnal cycle in stream temperature or 7;, and thus we approximate 7T, in the model
as the yet-unknown 40-day average of T¢, at the time of day when stream temperature is
a maximum at the probe location. Note that 7., is not equal to the measured maximum
stream temperature because the occurrence of maximum daily temperature measured at a
specific stream location (our data) requires a rate of temperature change equal to zero in
the Eulerian frame (at the probe location). This occurs when successive parcels arriving
at the probe location each have the same temperature upon arrival. Conversely, the rate
of temperature change in the Lagrangian frame is zero when the individual parcel to which

the Lagrangian frame is attached reaches T,,. We model the temperature of a parcel of
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water between temperature probes 3W and 4W in the Lagrangian frame using equation
3 with T¢, as an unknown. The heat capacity of the thermistor is negligible compared to
that of the water parcel so the temperature measured at a specific probe location in the
Eulerian frame is equal to the temperature of the water parcel passing over the probe at
that time. Setting ¢ = 0 when the parcel passes probe 3W at the end of the harvest reach
and 7 equal to the transit time between probes 3W and 4W allows conversion from the
Lagrangian frame model temperature to the Eulerian frame measured temperature and
we see that Ty = T(t = 0), Tyw = T(t = 1), and T,, now represents the equilibrium
temperature in the downstream reach, Ty, Making these substitutions in equation 3

we arrive at:

Taw = Taweq + [Tsw — Taweqle ™" (4)

This model assumes T, to be constant in space across the downstream reach and constant
over the transit time, 7. This assumption requires that 7 is small compared to the time
over which Ty, and o change appreciably and that the length of the downstream reach
is small compared to the distance over which Ty ., and a change appreciably. Test-case
velocity measurements suggest that 7 for streams in this study are on the order of one
hour, which may be pushing the boundaries of the previous assumptions. Consequently,
this model and our subsequent analysis and conclusions are limited to the scale of a 300m
reach. Applying equation 4 to the summers before and after harvest, subtracting the
equation before from the equation after, and assuming that harvest does not affect Ty 4
or o or 7 in the unharvested downstream reach, we modeled the change in downstream

temperature, ATy as:

AT4W = ATgWe_O‘T + AT4Weq[]- — 6_0”—] (5)
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Here ATsy and ATy, are the changes in temperature of the 3W probe and the down-
stream reach equilibrium temperature, respectively. The data in Figure 3 support the
linear dependence of ATy on ATsy that is predicted by equation 5; however the data
exhibit significant variation and deviation from the general linear fit applied to the 15
sites because the values of ATy, and a and 7 are site specific. We used measured val-
ues of gradient, wetted width, max depth, downstream reach length values, and changes
in upstream control reach temperatures to approximate the site-specific values of these

model variables.

3.3. Downstream Transit Time

The transit time of the downstream reach is modeled as 7 = L/v, where L is the down-
stream reach length and v is the flow speed in the downstream reach. In order to model
the flow speed using gradient measurements we apply Manning’s formula (Subramanya

[2009]) which states that v o< G2, and we have:

L
T X =i (6)

Here G is the average gradient of the stream within the downstream reach, typically
defined as length along the stream divided by change in elevation. The gradient of the
streams in our study was measured at 60m intervals along the downstream reach. The GG

values we used in the model are an average of these gradient measurements for each site.

3.4. Heat Capacity of the Stream
The heat capacity of the modeled parcel of water is proportional to the volume of the

parcel and consequently the cross sectional area of the stream, which is approximated by
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the wetted width, W of the stream multiplied by the maximum depth, D. The wetted
width and maximum depth are measured at 60m intervals along the downstream reach

and we use the average of these measurements W and D for each site.

Cx WD (7)

3.5. Downstream Shade Factor

Shade and shelter provided by stream side vegetation and local topography reduce solar
heating during the day and radiative cooling at night and also reduce wind speed, and
consequently convection and evaporation. We hypothesize that through these processes
the level of downstream shade does influence the downstream response to temperature
harvest and that models for h.sr and A.;; would incorporate the shade level. The down-
stream shade factor (fractional sky view), S of the study streams was determined from
digital image analysis of hemispherical photographs taken 1m above the stream surface.
However, the narrow range spanned by these measured downstream shade values does not
provide enough information content for us to evaluate and validate a downstream shade

component in the model, as discussed further in section 5.

3.6. Site-Specific Newton’s Law of Cooling Model

Combining equations 6 and 7 we arrive at:

L
DG (8)

arT = ¢

Here ¢ is a model parameter incorporating the proportionality constants associated with
equations 6 and 7. Given limited environmental and stream data, we are forced to assume

that ¢ is approximately non-site specific for the streams in this study. This assumption
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is supported by the success of the model in predicting the downstream responses of the

study streams and this generality is considered a positive feature of the model.

3.7. Downstream Equilibrium Temperature

Finally, we account for non-harvest related (e.g. climatic) fluctuations in stream temper-
ature. We use stream temperature data taken at probes 1W and 2W, which lie upstream
from harvest to model these fluctuations. In the context of our NLC model, year-to-year
changes in the local climate will influence actual stream temperature by changing T¢,.
From equation 3 we see that dT'/dT,, = 1 — e~** which is constant for a given a and
t = 7 corresponding to a specific site. This result suggests that changes to T, cause
proportional changes to stream temperature, so we approximate ATy, and ATy, as
proportional to the change in control reach equilibrium temperature. Assuming that lo-
cal changes in climate will affect the control reach and downstream reach equilibrium

temperatures differently, but proportionally, ATy, is modeled as:

ATyweq = BAT 1w ow (9)

Here ATiwow is the average of ATy and ATy .
Inserting equations 8 and 9 into equation 5 we model the expected ATy using the
measured upstream temperature changes, downstream reach length, and average values

for gradient, wetted width and max depth using the equation:

AT4W = ATgWe_quDgl/z + BATII/V,QW(:[ — €_¢WDL01/2) (]_0)
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20 In the following section we apply the model described by equation 10 to data from the
2 study sites in order to understand the underlying causes of the downstream temperature

» responses exhibited by individual streams as well as the variability among those responses.

4. Modeling Results

2 We determined the model parameter values ¢ = 2 x 107%(m) and 8 = 1 by a two
= parameter R? fit of the model to measured ATy data. The resulting R? value was 0.95.
»  Figure 3 shows the measured and predicted values of ATy plotted against ATsy,. We
» see that the two-parameter NLC model does significantly better than the linear regression
2 (R? = 0.61) at predicting the measured ATy values, despite having the same number of
2 free parameters (two). We see in Panel A of Figure 4 that the difference between modeled
» and measured ATy values are all less than 0.4C° in magnitude, with the exception of site
20 13b3. At this site ATy, ATsy, and ATz, were all negative and yet ATy, was positive.
s We therefore conclude that the increase in downstream temperature was not caused by
» harvest, but rather by some as yet-unknown local effect occurring in the downstream
xs reach. The model uses temperature data taken upstream of the harvest reach to account
2z for the effects of non-harvest related temperature fluctuations and thus can not account
s for the behavior of this site due to the localized nature of the downstream disturbance.
» Considering this result, site 7353 was not used in the fit to determine ¢ and 3, a model
x  predicted value of ATy for this site is not shown in Figure 3, and model data for this
» site are not shown in subsequent figures.

s With the values of ¢ and 8 determined, we examine the relative contribution of each
» term in equation 10, where the first term approximates the contribution to downstream

.1 temperature change caused by the harvest reach temperature change, ATy, and the
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second term approximates the contribution by climatic changes to the downstream equi-
librium temperature, ATy ,. Note that the measured ATsy is caused by a combination
of harvest and climate driven fluctuations in ATjyy ., so that the contributions of each term
in equation 10 are not treated separately as purely harvest-induced and purely climate-
induced contributions. Panel B of Figure 4 shows the value of ATy, extracted from the
model and panel C shows the relative contribution of the two terms in the model.

We also remove the effect of the site specific probe locations from the exponent in the
NLC model and calculate (a1)/L = ¢/[W DGY?], which characterizes the site specific rate
at which a water parcel will change temperature with distance traveled in the downstream
reach. Relatively large values of (ar)/L indicate that the magnitude of the temperature
change measured at a specific downstream location will decrease in a relatively short
distance downstream while small values of (a7)/L indicate a relatively long distance
required for substantial decrease in measured temperature change. Panel D of Figure
4 shows the site specific values of (ar)/L. The range of behaviors produced by the
variation in (a7)/L are illustrated in Figure 5, which shows the calculated profiles of the
downstream temperature change ATy (), that produced the measured ATy (z = L)
data in response to ATy, for a sample of the study streams. Note that these profiles do
not represent the behavior of the absolute stream temperature, but rather behavior of the

change in stream temperature across the harvest year.

5. Modeling Discussion
The NLC model allows for intuitive analysis of stream sites which might appear to
have outlying behavior. For example, site 7854 (indicated in Figure 3) experienced a

—0.2C° change in downstream temperature even though the harvest reach temperature
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experienced a relatively large measured temperature increase of 2.6C°. The model was
able to predict that this site would behave well outside of the general trend defined by other
sites. Examination of the stream variables in the context of the NLC model reveals that
site 7854 experienced an overall decrease in the local equilibrium temperature, as seen in
Panel B of Figure 4 and indicated by negative upstream control reach temperature changes
across harvest (ATjwow = —0.2C°). Site 7854 also possessed the second smallest WD
value among all sites. This combination resulted in a relatively high rate of reduction in
the temperature change, as seen in Figure 5. The NLC model shows us that the outlying
behavior of this site was caused by this high rate of change coupled with a relatively long
transit time for this site, due to a long downstream reach length of L = 305m and third
smallest gradient of G = .023. Note that removing site 7854 from the dataset does not
change the values of ¢ and 3 produced by fitting the model to the data and only changes
the R2-value from 0.95 to 0.96. This result indicates that the NLC model would have
predicted the unique behavior of this site even if it were not a part of the initial data set
used to calibrate the model which highlights the predictive power of the model.

The ability of the model to reproduce the measured downstream responses using non-
site-specific values for model parameters ¢ and 3 indicates that these values are relatively
constant across the streams selected for this study. This result further suggests that once
these parameters values are determined by comparison of model to data for a given type
of stream in a given geographic region, the model might be used to predict the future
downstream response to harvest of similar streams in that region. The value of g =1
suggests that the downstream and control reach equilibrium temperatures respond to

changes in climatic conditions by equal amounts, within the resolution of this model.
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In order to leverage the predictive power of the NLC model, the site-specific L in
equation 10 is replaced with a general distance variable, z. We set ATy, = 0 because
we cannot know a priori the naturally occurring fluctuations to Tyyyq, thus we want an
expression for the distance dependence of a change in downstream temperature caused

purely by a harvest reach temperature change:
ATy (z) = ATgwefd)m (11)

We use equation 11 to calculate the ratio, R(z), of ATy to ATsy as function of distance

downstream:
R(ZL‘) = AjjﬁlW(l’)/Azﬁgm/ = €_¢m (12)

Using average values for G and WD will allow us to estimate a characteristic behavior
of the sites in our study. The solid line in Figure 6 shows R(z) for the average values
of G = 0.047 and WD = 0.53m?. We see that for these average values the across-
harvest-year change in downstream temperature drops to 60% of that change occuring in
the harvest reach after 300m. These calculations are qualitatively supported by the site
averaged, but less accurate, behavior predicted by the linear fit, which suggests a 50%
reduction in temperature change after ~ 300m. However, R(z) is exponentially sensitive
to G and WD and consequently these average behaviors cannot be assumed to describe
any specifc site.

In order to produce bounding behaviors for the sites in the study we combined the
extreme values of G and W D measured from all sites and used these in the model. The
maximum measured values are G = 0.10 and WD = 1.0m? and the minimal values

are G = 0.02, and WD = 0.12m% The bounding behaviors calculated from these two
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value sets are shown in Figure 6. We see that for the long-distance bounding case the
downstream temperature change measured 300m from the end of the harvest reach would
be 84% of the temperature change that occured at the end of the harvest reach (R(z) =
0.84). For the short-distance bounding case R(x) is less than 1% after 300m. Values of
R(x = L) = e_(bm calculated using the specific stream property values and reach
lengths at each study site are also shown for comparison to the bounding behavior curves.

In order to examine the specific effects of ATy, on downstream response we calculate
R(x) for theoretical example cases when ATy, # 0. In this case the form for R(z) is

more complex:

_ B _ o ATywe
R(x) = ATyy(z)/ATyw = ¢ “wsa? +[1 —e d)WDSG”Q]% (13)
W

We see that calculating R(x) for ATy, # 0 requires values for ATy and ATy e, As
seen in panel B of Figure 4, the range of values for ATy, extracted from the model was
approximately —0.4C° to 0.4C°. Figure 7 shows AT,y calculated for ATy, values of
—0.4C° and 0.4C° for the cases of the harvest reach temperature change being 1C° and
3C°. We see that changes to ATy, within this range do not significantly affect the rate
at which AT,y increases or decreases. However, integrated over distances of 300m this
change in rate might affect the value of ATy by detectable levels (= 0.3C°).

The wide range of behaviors spanned by the bounding behaviors exemplifies the expo-
nential sensitivity of R(z) to G and WD. These sensitivities are illustrated in Figures
8 and 9 which show R(x = 150m) and R(z = 300m) as a function of G and W D. The
average of measured values of the variables not serving as the independent variable in the
plots were used. We see that the slopes of these curves are significant within the range

of values measured for these stream properties and thus the measured behavior is highly
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sensitive these properties. This analysis indicates that blanket statements about distance
required for return to pre-harvest temperature and use of regional average or non-local
variable values to model site-specific behavior may lead to miscalculations.

We find that within the range of downstream shade factor values measured in the study
streams, S has no significant effect on the behavior of the model. Due to all measured
values of S being near one, modeling the rate of temperature change «, as either propor-
tional to, or inversely proportional to S does not significantly affect the fitted parameter
values or the downstream behavior, whether the site-specific or average values were used.
Figure 10 shows R(x = 150m) and R(z = 300m) for both model types, a o« 1/S and
a o< S. We see that within the range of S values measured, the slope of these curves is
small relative to that in figures 8 and 9, which demonstrates relative insensitivity of the
model to this variable within that range. The success of the model at describing the data
despite the model insensitivity to S indicates that for streams with relatively uniform
and undisturbed riparian conditions downstream of harvest, the values of G and W D will

drive the variations in downstream temperature response.

6. Conclusions

We have developed a Newtons Law of Cooling model for prediction and analysis of
stream temperature response to harvest activity. We used the NLC model to analyze
the specific downstream responses to harvest study streams throughout the Oregon Coast
Range by relating variables in the model to measured stream data. The necessary mea-
sured data were stream temperature change upstream from harvest, distance from harvest
reach, gradient, wetted width, and max depth. We determined the two free model pa-

rameters, which were held constant across sites in the study, by comparing the output of
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the model to the experimental data. We found that the model allowed us to determine
the sources of the significant variation in measured downstream temperature response
to harvest and that the model provides an insightful tool for determining the dominant
factors influencing downstream temperature response to harvest.

For the forested streams in our study the model suggests that on average harvest reach
stream temperature changes exist at fractions near 50% 300m downstream, but that they
do not persist indefinitely. The model also indicates that variation in stream morphology
can lead to significant variability in downstream temperature response to harvest, and it
allowed us to estimate limiting-case behaviors. We estimated that for streams similar to
those in this study, the across-harvest-year temperature change 300m downstream of the
harvest reach can range from 84% to less than 1% of the change in the harvest reach, in
the absence of major naturally occuring stream temperature fluctuations.

This NLC model does not explicitly treat hyporheic low or groundwater exchange; how-
ever, the effects of these processes on the rate of stream temperature change are included
in the fitted model parameter ¢. The fact that ¢ was held constant in this study suggests
that these effects are roughly equally prevalent across the streams in the study. This study
specifically selected streams without significant tributaries in the downstream reach and
it is likely that the rate of reduction in downstream temperature change estimated here
will be greater for streams with significant undisturbed tributaries.

Additional application of NLC modeling methods to stream temperature data should
help to improve the NLC model accuracy and determine the range of stream, environ-
mental, and treatment conditions under which the NLC model is valid and accurate. For

example, data from a set of many temperature probes within downstream reaches would
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allow us to fit the NLC model to the spatial temperature data at each site and determine
site-specific values for the model free parameters ¢ and §. Comparison of these site-
specific parameter values to measured stream properties may allow us to indetify those
properties with greatest influence on ¢ and 5 so that we might model these values directly
and reduce the number of free parameters in the NLC model. Analysis of data from a set
of streams with a wider range of downstream shade values might allow for the addition
and validation of a downstream shade component in the model. Analysis of data from
streams with a wider range of morphologies and environments would test the generality
of the NLC model and provide a greater range of input variables against which to test,

refine, and improve the NLC model.
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[width=20pc|study
Figure 1. Diagram of field study design showing relative locations of control, harvest, and
downstream reaches and control (1W, 2W), harvest (3W), and downstream (4W) water temper-

ature probes.

[width=20pc|deltad W

Figure 2. Experimental AT}y values for each site, calculated as the difference between Tyy,

measured before and after harvest.

[width=20pc|results2
Figure 3. Measured (blue dots) and NLC modeled (red circles) ATy plotted against ATy .

The black line is a linear regression to the measured data. Parameter values used in the model
were ¢ = 2 x 1074(m) and 3 = 1. The goodness of fit between model and data is R* = 0.95. As
discussed in Section 3.1 site 7353 was not used in determining the model parameter values and

R? value.

[width=20pc|panel

Figure 4. Panel A: Error in predicting the measured ATy, calculated as measured value sub-
tracted from NLC model values. Panel B: Site specific values of ATy, calculated using the NLC
model determined parameter value § = 1. Panel C: Site specific values of a7/L calculated using
the NLC model determined parameter value ¢ = 2 x 107%(m). Panel D: Relative contributions
to the overall ATy by the change in harvest reach temperature (solid) and naturally occurring
fluctuations to ATy, (open) calculated using the NLC model and determined parameter values

¢ =2x10"4(m), B =1.
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[width=20pc|distancemodel

Figure 5. Change in temperature doenstream of harvest reach, ATy (x), calculated as a

function of distance from harvest reach for several example study sites using the NLC model

(lines). Orange dots are measured change at zero distance downstream, ATy (x = 0) = ATsy,

and colored dots are measured values of ATy (z = L) for each site. In all cases model parameter

values were ¢ = 2 x 107*(m) and 8 = 1 and site-specific values of WD, G, and AT} 5 were used.

[width=20pc|extreme

Figure 6. Calculated ratio of harvest reach and downstream temperature changes in the ab-
sence of natural stream fluctuations as a function of distance from harvest reach using maximum
(red) minimum (blue) and average (green) measured values of G, and W D. Dots show this value
calculated using values of G, and WD, and L for each site. In all cases ATy, = 0C° and model

parameter values were ¢ = 2 x 1074(m), 8 = 1.

[width=20pc|with4Weq
Figure 7. Distance dependence of AT,y calculated for ATy, values of 0C° —0.4C° and

0.4C° for the example cases of ATy = 1C° and ATy = 3C°. The legend designates these
values used to produce each curve as (AT, ATyye,). Average measured values of G and WD

were used and model parameter values were ¢ = 2 x 1074(m), 8 = 1.

[width=20pc|gradient

Figure 8. Calculated ratio of downstream to harvest reach temperature changes at distances
of 150m and 300m downstream from harvest reach as a function of downstream gradient in the
absence of natural stream fluctuations. In all cases the average measured values for WD were

used, ATywe, = 0C°, and model parameter values were ¢ = 2 x 107*(m), 8 = 1.
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[width=20pc|area

Figure 9. Calculated ratio of downstream to harvest reach temperature changes at distances
of 150m and 300m downstream from harvest reach as a function of downstream cross sectional
area in the absence of natural stream fluctuations. In all cases the average measured value for G

was used, AType, = 0C°, and model parameter values were ¢ = 2 x 107*(m), 8 = 1.

[width=20pc|shade

Figure 10. Calculated ratio of downstream to harvest reach temperature changes at distances
of 150m and 300m downstream from harvest reach as a function of downstream shade in the
absence of natural stream fluctuations. Average measured values of G and WD were used. In

all cases ATy, = 0C° and model parameter values were ¢ =2 x 1074(m), 8 = 1.
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